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ABSTRACT: Realizing net-zero emissions demands the design of innovative and efficient catalysts for CO,, valorization. Herein, we
report a core@shell-structured catalyst precursor, h-ZrO,@Cu, ;ZnAl, ,-LDH, in which layered double hydroxide (LDH) platelets are
arranged around hollow zirconia spheres (h-ZrO,), maximizing the interfacial area between the active LDH component and zirconia
promoter. The h-ZrO,@Cu, ;ZnAl, -LDH-derived catalyst efficiently converts CO, into methanol, reaching space-time yields
(STYs) comparable to commercial catalysts, despite a $4% reduction in Cu loading (0.59 gy.on e+ b ' at 250 °C, 45 bar, H,/
CO, = 3, 18,000 mL g~ h™" weight hourly space velocity, WHSV). Reporting the STY on a per gram copper basis highlights the
efficiency of the catalyst: h-ZrO,@Cu, ;ZnAl, (-LDH is twofold more active than the commercial catalyst under the same conditions
(27 vs 1.3 8MeOH gcat_l h_l)'
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H INTRODUCTION widely acknowledged to be the primary active site, with ZnO
and AlO,, species acting as promoters through mechanisms that
have been debated for decades.® Recent work on well-defined
model CuZn systems has shown that Zn-stabilized cationic Cu
species can be relevant to CO, hydrogenation to methanol, and
that formate-containing pathways can dominate in such sys-
tems.'>'> Among a vast array of structures and synthesis methods,
catalysts with easily accessible and well-dispersed copper sites
demonstrate the highest activity, while maximizing the Cu/ZnO
interface is responsible for high methanol selectivity.'*'>
Recently, however, the International Energy Agency (IEA) has
identified ‘major risks facing copper markets, forecasting a

Urgent developments are required to effectively combat CO,
emissions and mitigate the most serious consequences of global
warming. Carbon capture and utilization (CCU) provides a
blueprint for a circular carbon economy, converting captured
CO, into value-added carbon-containing products.' Among var-
ious CO, utilization approaches, the direct transformation of
CO, to methanol (CTM) is widely recognized as one of the
most promising candidates for large-scale deployment.'
Indeed, demonstrations of CTM at both pilot- and
commercial-scale have already been reported.”™> Yet, of the
more than 100 million metric tons produced each year, less
than 0.2% of global methanol production is renewable.”’
Instead, industrial production of this highly versatile chemical
occurs l.argely via hydrogenation of COZ-containing. syngas.® Revised:  April 24, 2026
This reliance on non-renewable feedstocks has contributed to Accepted:  April 27, 2026
a rise in CO,, emissions associated with growing methanol pro- Published: Mav 6 2'02 6
: 9,10 : YA

duction over the past decade.”

Methanol synthesis catalysts containing Cu, ZnO and AL, O,
have been used commercially since the 1960s.>'' Copper is
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30% shortfall in supply by 2035.'® Developing materials that dem-
onstrate activities similar to well-established industrial catalysts
(typically 40—50 wt % Cu), but require lower copper loadings,
is therefore an important goal.

Layered double hydroxide (LDH) derived materials have
shown potential as precursors to CTM catalysts.'”'® This class
of anionic clay can be described by the generic formula
(M"Y, _ M"™ (OH),]**[(A"),,,]-mH,0, these materials con-
tain positively charged layers of mixed metal (M", _ M™ ) octa-
hedra held together by anions and water molecules in the
interlayer galleries.'"” Advantageously, LDH-derived methanol
synthesis catalysts containing only around 20 wt % of the active
Cu component have demonstrated good catalytic activity.””
Upon activation, well-dispersed Cu® nanoparticles are formed,
which enhance catalytic performance due to the high available
copper surface area.'” Excellent atomic-scale dispersion of Cu’
nanoparticles dispersed within ZnO afforded by the LDH-
derived structure also improves methanol selectivity.”"**
However, LDH materials are known to suffer from agglomeration
due to the strong electrostatic interactions and hydrogen-bonding
network present in the material, reducing accessible surface
area and hindering catalytic performance. The post-synthetic
aqueous-miscible organic solvent treatment (AMOST) was devel-
oped to minimize this issue. AMOST involves disrupting the
hydrogen-bonding network between the layers by replacing the
interlayer water molecules with less hydrophilic solvent molecules
(e.g, acetone, ethanol).>® Unfortunately, this process requires
large volumes of organic solvent, making scale-up challenging.
An alternative approach to reducing LDH aggregation involves
anchoring LDH platelets onto an oxide support, generating hier-
archical core@LDH-shell structured catalysts.”* Previous work
in our group has demonstrated the potential of such materials
for the CTM reaction with LDH-coated silica particles,
SiO,@Cu, ;ZnAl-LDH, demonstrating a methanol space-time
yield (STY) of almost 0.7 gyeon e - h~ "% Subsequent work
then removed the inactive silica core, in an attempt to improve
the activity per unit mass of the catalyst. For reasons of synthetic
practicality, Mg was included within the LDH shell, generating
a hollow-$i0,@Cu,Zn Mg Al-LDH material>> This hollow-
§i0,@Cu,Zn Mg Al-LDH material is reported to outperform a
commercial catalyst, although only under certain conditions
and metrics: at temperatures exceeding 270 °C (30 bar, 1:3
CO,:H,) and when STY is considered on a per gram copper,
rather than a per gram catalyst, basis.*®

Herein, we report a core@shell structured material, h-
ZrO,@Cu, ;ZnAl, (-LDH, in which the LDH shell is supported
on a hollow zirconia sphere, h-ZrO,. Introducing zirconium to a
CuZnAl-based catalyst is widely recognized to improve perfor-
mance and stability, which is generally attributed to increased
metal dispersion and the promotion of CO, activation via
altered surface basicity.”>*” Moreover, the replacement of
Al O, in CuO/Zn0O/AlL, O, with ZrO, has garnered increasing
interest, as ZrO, is less hydrophilic than Al,O; and can thus
hinder deactivation of the catalyst by water.”**’

B EXPERIMENTAL SECTION
Synthesis of h-ZrO, and SiO,@ZrO,

Ethanol (230 mL), ammonia (35%, S8 mL) and water (32 mL) were
heated to 30 °C. Tetraethyl orthosilicate (12.6 mL, 0.056 mol) was
added under vigorous stirring and left to age for 1 h. The resulting sil-
ica spheres were collected by centrifugation, washed four times with
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water, and then four times with ethanol, before being re-dispersed in
ethanol (380 mL) for 1.5 h. The re-dispersed silica spheres were then
heated to 30 °C, before an aqueous solution of Lutensol A0S (BASF,
3.76 wt %, 1.5 mL) was added under vigorous stirring. After 1 h,
zirconium(IV) butoxide in butanol (80 wt %, 5.4 mL, 0.014 mol)
was added. The resulting suspension was left to stir vigorously over-
night, before being collected by centrifugation and washed twice with
ethanol. The product was re-dispersed in ethanol (80 mL), before
water (276 mL) was added under vigorous stirring. After 1 h, the
SiO,@ZrO, product was collected by centrifuge, washed twice with
water and dried at 60 °C overnight. The dried SiO,@ZrO, was cal-
cined at 900 °C for 2 h (2.5 °C/min).

h-ZrO, was synthesized from calcined SiO,@ZrO, by adding
NaOH (0.25 M) to SiO,@ZrO, (100 mL/g). The suspension was
kept under static conditions at 30 °C for 24 h, then collected via vac-
uum filtration and washed with water until pH = 7. The h-ZrO, prod-
uct was dried at 60 °C overnight.

Synthesis of h-ZrO,@AIOOH

h-ZrO, (0.28 g) was dispersed in an aluminum isopropoxide/ethanol
solution (176 mL, 0.016 mol/L) for 30 min. The resulting suspension
was kept at 45 °C with vigorous stirring for 16 h. An ethanol/water
mixture (5/1 v/v, 140 mL) was then added and left to stir for 2 h,
before the suspension was transferred to an autoclave and heated to
80 °C for 22 h. The h-ZrO,@AIOOH product was collected via filtra-
tion, washed with ethanol/water (5/1 v/v) and dried at 60 °C
overnight.

Synthesis of h-ZrO,@Cu, ;ZnAl, ,-LDH, CuO/Cu,Zn Al,-LDH,
and Cu, ;ZnAI-LDH

h-ZrO,@Cu, ,ZnAl, -LDH, CuO/Cu,ZnAL-LDH and Cu,,ZnAl-
LDH were prepared by co-precipitation.

h-ZrO,@Cu, ;ZnAl, (-LDH was prepared by adding h-
ZrO,@AIOOH (0.12 g) to water (24 mL). After 30 min of sonication,
sodium carbonate (0.0034 g) was added with S min of continued sonica-
tion. If required, the pH was adjusted to pH 10 with NaOH (1 M) after
this time. Separately, copper nitrate trihydrate (0.19 g, 0.80 mmol), zinc
nitrate hexahydrate (0.20 g, 0.67 mmol) and aluminum nitrate nonahy-
drate (0.088 g, 0.23 mmol) were dissolved in water (24 mL). The aque-
ous metal nitrate solution was then added to the h-ZrO,/Na,CO,
mixture (1 mL/min, S00 rpm) and the pH was maintained at pH 10 by
the simultaneous dropwise addition of NaOH (1 M). The resulting sus-
pension was aged at room temperature for 1.5 h, then collected by filtra-
tion and washed with water until pH 7. The h-ZrO,@Cu, ;ZnAl, ,-LDH
product was dried at 50 °C overnight.

CuO/Cu,ZnAl-LDH was prepared using the same procedure as
detailed for the synthesis of h-ZrO,@Cu, yZnAl, ,-LDH, but in the
absence of h-ZrO,@AIOOH (i.e., the metal nitrate solution was added
to an aqueous solution of Na,CO;).

Cu, ;ZnAl-LDH was prepared using the same procedure as for the
synthesis of CuO/Cu,Zn Al -LDH, but using altered masses of copper
nitrate trihydrate (0.17 g, 0.70 mmol), zinc nitrate hexahydrate (0.16 g,
0.54 mmol) and aluminum nitrate nonahydrate (0.20 g, 0.53 mmol).

Calcination

The LDH/LDH-based core@shell was converted into the correspond-
ing layered double oxide (LDO) via calcination in air. A step method
was used (10 °C/min to 80 °C, dwell 1 h; 10 °C/min to 150 °C, dwell
for 1 h; 10 °C/min to 330 °C, dwell for 3 h), with an air flow of
50 mL/min at ambient pressure.

B CATALYST CHARACTERIZATION

Transmission Electron Microscopy (TEM)

TEM images and STEM-EDX mapping in Figure 1A (and
Figures S1, S6, S7, S9, S10, S13, and S18) were collected on a

https://doi.org/10.1021/acscatal.6c01304
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Figure 1. (A) TEM image of h-ZrO, formed following the synthesis described in Scheme 1 (i.e., using 0.25 M NaOH at 30 °C during the hollowing
procedure). (B) BJH desorption plots of h-ZrO, and SiO,@ZrO,, highlighting the creation of mesopores during the hollowing process.

JEOL 2100 instrument using a tungsten filament. An accelerat-
ing voltage of 200 kV and single tilt specimen holder were used.
Samples were prepared by drop casting an aqueous suspension
of the sample onto carbon-coated nickel grids.

Scanning Transmission Electron Microscopy and Energy
Dispersive Spectroscopy (STEM-EDS)

Scanning Transmission Electron Microscopy and Energy
Dispersive Spectroscopy (STEM-EDS) characterization was
performed using a JEM-ARM300F2 GRAND ARM microscope
equipped with double SSD EDS detectors working at 300 kV
acceleration voltage. The sample was drop casted onto a TEM
gold grid with carbon support, which was mounted in a High-
Count-Analytical Double Tilt holder to optimize for EDS
counts and reduce instrument spurious signals.

Powder X-ray Diffraction (PXRD)

PXRD experiments were performed on a Brucker D8 ECO dif-
fractometer, with Cu Ko radiation (A = 1.5418 A, 45 kV,
40 mA). The sample was packed on a PMMA holder, and patterns
were collected between 20 = S — 70° in continuous measuring
mode for a total time of 25 min, with data points taken every
0.0115°. Synchrotron data were collected on the I11 beamline at
Diamond Light Source, UK.

Inductively Coupled Plasma-Optical Emission
Spectroscopy (ICP-OES)

To facilitate comparisons between samples, ICP-OES measurements
were performed on the calcined samples (ie, the corresponding
LDOs). The ICP-OES data for h-ZrO,@Cu, ;ZnAl, ~LDO was
calculated from an average of 3 samples.

Thermal Gravimetric Analysis (TGA)

TGA was carried out on a PerkinElmer TGA 800 instrument.
Approximately 10 mg of sample was heated between 30 and
800 °C at 5 °C/min under a nitrogen atmosphere.

N, Brauner-Emmett-Teller (BET)

Nitrogen adsorption/desorption isotherms were collected at
—196 °C on a Micromeritics Tristar II instrument. The
Barrett-Joyner-Halenda (BJH) method was used to calculate
pore widths from the desorption data obtained. Prior to mea-
surement, each sample was calcined in air (50 mL/min) using
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a step method (10 °C/min to 80 °C, dwell 1 h; 10 °C/min
to 150 °C, dwell for 1 h; 10 °C/min to 330 °C, dwell for
3 h). The calcined sample was then degassed under vacuum
at 110 °C overnight.

H, Temperature-Programmed Reduction (H,-TPR)

H,-TPR profiles were measured using a Micromeritics
Autochem II 2920 Chemisorption Analyser equipped with a
thermal conductivity detector (TCD). Prior to measurement,
each sample was calcined in air (50 mL/min) using a step method
(10 °C/min to 80 °C, dwell 1 h; 10 °C/min to 150 °C, dwell for
1 h; 10 °C/min to 330 °C, dwell for 3 h), then loaded into a
quartz U-tube. The sample was pre-treated with He for 5 min at
room temperature, before heating to 150 °C (10 °C/min, S min
dwell) to remove moisture. Once cooled to 40 °C, the sample
was heated to 400 °C under 10% H,/N, and a measurement
was taken every 1 s.

N,O Chemisorption Experiments for Cu Surface Area

N,O chemisorption experiments were performed on a
Micromeritics Autochem II 2920 Chemisorption Analyser
equipped with a thermal conductivity detector (TCD). Prior to
measurement, each sample was calcined in air (50 mL/min) using
a step method (10 °C/min to 80 °C, dwell 1 h; 10 °C/min to
150 °C, dwell for 1 h; 10 °C/min to 330 °C, dwell for 3 h), then
loaded into a quartz U-tube. Copper surface area and dispersion
were determined using a two-step H,-TPR method. Initially, the
sample was pre-treated with He for S min at room temperature,
before heating to 150 °C (10 °C/min, S min dwell) to remove
moisture. Once cooled to 40 °C, the sample was heated to
300 °C under 10% H,/N, and a measurement was taken every
1 s. The hydrogen consumption was recorded (area = A,). The
sample was then cooled to 65 °C and exposed to N,O for 1 h.
A second H,-TPR experiment was then performed using an
identical program and the hydrogen consumption was measured
(area = A,).
Copper dispersion (D) was calculated from:

2A,
DCu =
Ay

https://doi.org/10.1021/acscatal.6c01304
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Copper surface area (S.,) was calculated by:

_ Dcy X Nay X Cu(wt %)
T 100X MW, X Nc

SCu

where N, is Avogadro’s number, MW, is the molar mass of
copper (63.5 g mol™") and N, is a reported value for the sur-
face atom density of copper (1.7 X 10" m™2).*°

Temperature-Programmed Desorption with CO, (CO,-TPD)

CO,-TPD experiments were performed on a Micromeritics
Autochem II 2920 Chemisorption Analyser equipped with a
thermal conductivity detector (TCD). Prior to measurement,
each sample was calcined in air (50 mL/min) using a step
method (10 °C/min to 80 °C, dwell 1 h; 10 °C/min to 150 °C,
dwell for 1 h; 10 °C/min to 330 °C, dwell for 3 h), then loaded into
a quartz U-tube. The sample was pre-treated with He for 10 min
at room temperature, before heating to 150 °C (10 °C/min,
10 min dwell) to remove moisture. Once cooled to 40 °C,
the sample was heated to 290 °C for 2 h under 10% H,/N,
(5 °C/min), then cooled back to 40 °C. The sample was then
exposed to CO, (50 mL/min) for 1 h. Excess CO, was then
cleared by flowing He (50 mL/min) for 1 h. Finally, the material
was heated to 330 °C for 1 h (10 °C/min). Measurements were
taken every 1 s.

Scanning Electron Microscopy Energy Dispersive X-ray
(SEM-EDX)

SEM-EDX was performed on a Carl Zeiss Merlin Instrument,
fitted with an Oxford Instruments Xmax 150 mm?® EDX detec-
tor. Scanning electron microscopy images were collected with
an SE2 lens, at working distances of 10 mm and voltages of
4 kV. Elemental mapping was performed at a working distance
of 8.5 nm. The sample was drop casted onto a carbon spot
attached to a metal pin stub. A chromium layer (~4 nm) was
deposited on the sample prior to imaging.

Solid State Nuclear Magnetic Resonance Spectroscopy
(SS-NMR)

Si Magic angle spinning SS-NMR spectra were obtained at
79.4 MHz (9.4 T) on a Bruker Avance IIIHD spectrometer.
Samples were packed in 4 mm O.D. rotors and spun at
10 kHz. The spectra were collected using direct polarization with
spinal64 proton decoupling. All *°Si spectra were referenced to
kaolinite (the shift taken to be at 8 = 91.7 ppm on a scale where
8(TMS) = 0) as a secondary reference.

Catalytic CO, Hydrogenation Experiments

Catalytic CO, hydrogenation to methanol tests were performed
in a tubular fixed-bed reactor. Prior to the hydrogenation exper-
iments, each sample was calcined in air (50 mL/min) using a
step method (10 °C/min to 80 °C, dwell 1 h; 10 °C/min to
150 °C, dwell for 1 h; 10 °C/min to 330 °C, dwell for 3 h).
100 mg (+1 mg) of the calcined sample (350—255 pm) was
then loaded into a quartz tube and reduced in situ (5% H, in
N,, 290 °C, 2 h, 4 °C/min). After cooling below 80 °C, the
reactor was pressurized to 45 bar (CO,:H, 1:3) and the reac-
tion was started. Products were analyzed using an Agilent
7890B gas chromatograph (GC), fitted with a thermal conduc-
tivity detector (TCD) and flame ionization detector (FID).

GC injections were taken every 45 min at temperatures
between 230 and 310 °C inclusive. Four injections were taken
at each temperature allowing averages and standard errors to

be calculated.

Bl RESULTS AND DISCUSSION
Synthesis of the Hollow Core Component

To make a uniform core@shell structured catalyst, it is first neces-
sary to synthesize a homogeneous and uniform core component.
Although the synthesis of hollow zirconia spheres (h-ZrO,) exists
in the literature, modifications were made to minimize the high
proportion of broken h-ZrO, produced (Figure S1).>"**

The synthetic route to h-ZrO, is described in Scheme 1.
Initially, silica spheres with a diameter of 490 + 20 nm
(Figure S2) were synthesized according to the well-established
Stober procedure (Scheme 1, step 1). These spheres were
subsequently coated with an aqueous solution of surfactant
(3.76 wt % Lutensol A0S; Scheme 1, step 2(i)), before Zr(IV)
butoxide was added (Scheme 1, step 2(ii)). It is important that
water is added alongside the surfactant (ie., that an aqueous
surfactant solution is used), so that the surfactant traps an aque-
ous layer on the surface of the silica, hydrolyzing only the
Zr(IV) butoxide in close proximity to the spheres. The excess,
unreacted Zr(IV) butoxide is removed (Scheme 1, step 2(iii))
before completion of Zr(IV) butoxide hydrolysis (Scheme 1,

Scheme 1. Three-Step Synthesis of Hollow Zirconia Spheres
(h-ZrO,): Step 1: Synthesis of the Spherical SiO, Template;
Step 2: Formation of the SiO,@ZrO, Core@shell; Step 3:
Removal of the Central SiO, Component, Leaving h-ZrO,

"SI~
Sho
~0

EtOH/H\zo NHs3

7

O

30°C,1h

o

Si0,

STEP 1

(i) 30 °C, EtOH,
Lutensol A05,q)

(i) Zr(OBu),

(iii) Centrifuge

(iv) HyO (1 h, 850 rpm, RTP) .

STEP 2

Si0,@2r0,

STEP3 (i) Calcination, 900 °C
(i) 0.25 M NaOH, 30 °C

h-ZrO,
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step 2(iv)). Failure to remove the excess Zr(IV) butoxide com-
ponent in step 2(iii) forms a large quantity of free zirconia,
which cannot be easily separated from the SiO,@ZrO, product
(Figure S3). It is noteworthy that a zirconia layer of thickness
36 + 3 nm formed after only 1 h of hydrolysis (Figure S4),
which is comparable to the thickness in previously reported
SiO,@ZrO, protocols, where the hydrolysis was performed
under static conditions for three days.*>

Calcination of SiO,@ZrO, at 900 °C (Scheme 1, step 3(i))
yields primarily the tetragonal zirconia polymorph (Figure S5).
Relative to the monoclinic phase, Cu/ZrO, catalysts using
tetragonal-ZrO, are reported to exhibit higher methanol activi-
ties in the CTM reaction as a result of enhanced metal-support
interactions, while other studies attribute an improvement in
catalytic activity to a more dispersed active Cu component on
the tetragonal-ZrO, support.®>** Furthermore, ZnO/tetrago-
nal-ZrO, systems have exhibited higher methanol selectivities
than analogous monoclinic systems as a result of different
ZnO, species formed.>

h-ZrO, structures are generated via the dissolution of the
central SiO, component in calcined SiO,@ZrO, (step 3(ii)).
It was found that lowering the temperature to 30 °C (from
50 °C) and decreasing the NaOH concentration to 0.25 M
(from 3 M) significantly reduced the number of broken spheres
observed by transmission electron microscopy (TEM) imaging
(Figure 1A and Figure S6).*" Further reducing the NaOH con-
centration to 0.1 M, however, was insufficient to uniformly
remove SiO, from all SiO, @ZrO, spheres, with the central por-
tion of several spheres still appearing very dark in bright field
TEM images (Figure S6KL). h-ZrO, etched using 0.25 M
NaOH displayed no dark centers, but residual silicon is evi-
denced by scanning transmission electron microscopy energy
dispersive X-ray (STEM-EDX) mapping (Figure S7) and *°Si
nuclear magnetic resonance (NMR) spectroscopy (Figure S8).
2°Si NMR spectroscopy confirmed that the Si environment
was unaffected by modifications to the ZrO, coating procedure
(Scheme 1, step 2), with only one singlet peak present at § =
—110 ppm in the *°Si NMR spectrum of SiO,@ZrO, synthe-
sized following either the literature method or the modified
method described in Scheme 1 (Figure S8).>' This peak is
indicative of (Si0),Si units, i.e, Q* Si sites.** Upon hollowing,
new additional Si environments at ca. 6 = —97 and —87 ppm
were created, indicative of (Si0),SiOH (ie, Q sites) and
(Si0),Si(OH), units (Q? sites), respectively. Interestingly,
the ratio of Q* to Q sites is smaller for h-ZrO, produced in this
work (Scheme 1) than for previously reported methods, sug-
gesting that modifications to the core removal step may alter
the nature of residual Si-species.’’ Barrett-Joyner-Halenda
(BJH) desorption plots reveal that the zirconia layer is inher-
ently mesoporous, and becomes more so when subjected to
basic conditions, with a number of small mesopores created
during the hollowing procedure (pore width ~44 A;
Figure 1B). These mesopores in the zirconia shell may enhance
gas flow through the catalyst and thus improve -catalytic
performance.

It should be noted that the h-ZrO, spheres do not possess
high mechanical strength, and grinding with a mortar and pestle
introduces fractures to previously intact spheres (Figure S9).

Development of the h-ZrO,@LDH Structure

Core@LDH-shell structures are often synthesized using hydro-
thermal procedures.””** However, the complexation of Cu**
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ions by ammonia, formed in situ from the decomposition of
urea, precludes the application of such methods to Cu-
containing LDH materials. The preparation of an LDH shell
on the h-ZrO, cores was therefore attempted using co-precipi-
tation, another standard LDH synthesis technique.”***° A
Cu:Zn:Al (CZA) ratio of 1.3:1:1 was used based on promising
previous results.”’ Unfortunately, simple co-precipitation of an
aqueous CZA nitrate solution into a basic suspension of h-
ZrO, did not result in core@shell formation. Instead, a mixture
of the two components (h-ZrO, and LDH) was observed
(Figure 2). Scanning transmission electron microscopy energy
dispersive X-ray (STEM-EDX) confirmed that Cu, Zn and Al
were not present in large quantities on the spheres, instead
appearing primarily in the spaces between h-ZrO,. This resem-
bles a physical mixture (PM) of the two components, which can
alternatively be prepared by combining separate samples of h-
ZrO, and Cu, ;ZnAl-LDH (Figure S10). The material shown
in Figure 2 will be referred to as cp-h-ZrO,+Cu, ;ZnAl-LDH,
where the ‘cp’ prefix is used to highlight that the co-
precipitation method was used to prepare the sample. Such a
prefix therefore distinguishes this material from h-ZrO,
+Cu, ;ZnAl-LDH, which instead describes a sample prepared
by mixing the two pre-prepared components. It should be
noted, however, that while the chemical bonding between the
two components in physical mixtures (PMs) is unlikely, it is
probable that electrostatic interactions between the positively
charged LDH platelets ({ = 38.1 mV) and negatively charged
spheres ({ = —35.5 mV) hold the two components in close
proximity (Figure S11).

Subsequent experimental efforts sought to encourage core@-
shell growth with the addition of an aluminum oxide/hydroxide
layer to the outer surface of h-ZrO,, since an Al(III) source pro-
vides nucleation sites for LDH growth.***' While impregnation
of h-ZrO, with AI(NO,), offers a simple route to introduce
AI(11I), this approach can ultimately result in irregular coverage
of the shell component on the core.*> In contrast, Shao et al.
achieved uniform SiO,@NiAI-LDH by forming a boehmite
(aluminum oxyhydroxide, AIOOH) coating (via aluminum iso-
propoxide hydrolysis), which transforms into an LDH phase
during hydrothermal synthesis.*® A similar AIOOH coating
was therefore added to h-ZrO,, generating h-ZrO,@AIOOH
structures (Figure S13), which were then subjected to the co-
precipitation step. In contrast to the morphology of cp-h-
ZrO,+Cu, ;ZnAl-LDH, STEM-EDX confirms that a much
greater proportion of the Cu, Zn and Al atoms are located on
the h-ZrO, spheres when the co-precipitation is performed on
h-ZrO,@AIOOH, rather than on h-ZrO, (Figures 2 and 3),

0.2 ym

Figure 2. STEM-EDX maps of cp-h-ZrO,+Cu, ,ZnAl-LDH (A, B).
The EDX maps are presented in RGB format, in which Zr, Al, and
Cu are represented in red, green, and blue, respectively. Mapping of
Zn (Figure S12) confirms that Zn appears in the same locations as Cu.
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Figure 3. STEM-EDX maps of h-ZrO,@Cu, ;ZnAl, -LDH (A, B), prepared by co-precipitation with h-ZrO,@AIOOH cores. The EDX maps are
presented in RGB format, in which Zr, Al, and Cu are represented in red, green, and blue, respectively. Mapping of Zn (Figure S12) confirms that Zn

appears in the same locations as Cu.

suggesting h-ZrO,@Cu, ;ZnAl, (-LDH had been successfully
synthesized.

Powder X-ray diffraction (PXRD) confirmed the presence of
the LDH and tetragonal-zirconia phases (Figure 4A), with char-
acteristic LDH Bragg reflections at 20 = 11.6°, 23.3°, 34.5°,
39.1° 59.9° and 61.1°, which can be indexed as the (003),
(006), (012), (015), (110) and (113) reflections respectively,
and characteristic tetragonal zirconia Bragg reflections at 20 =
30.2° 35.3° 50.4° and 60.1°, which can be indexed as the
(111), (200), (220), (311) reflections respectively. A two-
phase Rietveld refinement of synchrotron powder X-ray diffrac-
tion data (Figure 4B) indicated a 42:58 wt % ratio between the
ZrO, and LDH phases.*> PXRD patterns confirmed the loss of
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35 5 s &
s X 3
2> M
k7]
c = S —
£ & = o
,a
/
Mt N AN N
10 20 30 40 50 60
20 (°)
B "Z0.@Cu; ZnAl,-LDH o Yobs
— Yobs-Ycal
- | Bragg position ZrO,)
=] | Bragg position LDH
i‘i Ry 5.8%
wp = 5.8%
.‘é‘ sz 4.7%
g . ‘ Rexp = 1.0%
2 Recdion .
*M' }““.I%* |-m - ™ L..M ) )
[ | L T e O L
| | L] I (N N A A I (A TR T

10 20 30 40 50 60
26 (°)

Figure 4. (A) PXRD pattern of h-ZrO,@Cu, ;ZnAl, ~LDH, com-
pared to the h-ZrO, core and Cu, ;ZnAl-LDH. (B) Rietveld refine-
ment (performed using TOPAS (v6)) of h-ZrO,@Cu, ;ZnAl, ,-LDH.

the layered, crystalline LDH structure upon calcination to form
the corresponding layered double oxide (LDO), and the
appearance of reflections consistent with metallic Cu® upon
subsequent reduction (Figure S14).

In order to account for the Al present in the AIOOH coating,
a 1.2:1:0.3 ratio of Cu:Zn:Al nitrates was used during the co-
precipitation with h-ZrO,@AIOOH. The small amount of addi-
tional Al salt was needed to facilitate the LDH synthesis. This
protocol yielded the product h-ZrO,@Cu,ZnAl, ,-LDH,
where the 1.3:1:1.6 Cu:Zn:Al molar ratio (calculated from
ICP-OES data, Table S1) assumes that all Al is present in the
form of the LDH (ie., that the AIOOH coating completely
transforms into the LDH phase). STEM-EDX images presented
in Figure 3 highlight localized areas of Al, suggesting that some
portion of the AIOOH remains alongside h-ZrO,@Cu, ;ZnAl, -
LDH. As a consequence, the LDH composition in h-
ZrO,@Cu, ;ZnAl, -LDH is not entirely homogeneous, which
may affect its catalytic activity.

The BJH desorption plot of calcined h-ZrO,@AIOOH
reveals a large number of mesopores (pore width ~45 A) rela-
tive to the amount measured for calcined h-ZrO, (Figure S15).
It can therefore be suggested that residual AIOOH is unlikely to
prevent gaseous diffusion through the catalyst during thermal
testing. In the calcined Cu,;ZnAl-LDH, similar-sized meso-
pores to those present in h-ZrO,@AIOOH coexist with larger
mesopores (~295 A, Figure 5). Interestingly, the BJH desorp-
tion plot of h-ZrO,@Cu, ;ZnAl, ,-LDH shows a broad peak
centered around 66 A, which is absent in the plots of h-ZrO,,
h-ZrO,@AIOOH and Cu,,ZnAl-LDH. The presence of a
unique pore size region provides evidence of structural differ-
ences in h-ZrO,@Cu, ;ZnAl, ,-LDH, which may be explained
by the presence of an interfacial core-shell region. It can be
noted that the magnitude of the peak at ~45 A is significantly
diminished in h-ZrO,@Cu, ;ZnAl, ,-LDH compared to that
in h-ZrO,@AIOOH, suggesting a large proportion of the coat-
ing has transformed into the LDH phase.

Further evidence of residual AIOOH is provided by thermo-
gravimetric analysis (TGA, Figure 6) and its first derivative
(dTGA), which serves to magnify TGA events. Following the
first two characteristic weight loss events of LDH-based mate-
rials, which represent (1) the loss of physisorbed solvent (i.e.,
water) below 150 °C and (2) dehydroxylation of the LDH
layers and decomposition of the interlayer carbonate anions
(150-350 °C), the dTGA of h-ZrO,@Cu, ,ZnAl, ~LDH
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Figure 5. BJH desorption plots of h-ZrO,@Cu,;ZnAl, ,-LDH,

Cu, ;ZnAl-LDH, and h-ZrO,@AIOOH, highlighting the difference in
porosity of the core@shell sample.
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Figure 6. (A) TGA and dTGA profiles of h-ZrO,@Cu, ;ZnAl, (-
LDH, compared to individual core and shell components and their
physical mixtures (PMs), with an enlargement of the dTGA data show-
ing the final weight loss events shown in (B).
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exhibits a slight slope before returning to its baseline around
500 °C. This event is not observed in the dTGA profiles of h-
ZrO, or the LDH alone, but appears in that of h-ZrO,@AIOOH
as a broad peak centered around 420 °C, corresponding to the
decomposition of an intermediate Al(OH), phase.* Notably,
the magnitude of this event is significantly diminished in the
core@shell sample, supporting the conclusion that the majority
of the AIOOH phase is transformed into LDH during the core@-
shell synthesis. The magnitude of this event is also diminished in
the core@shell sample relative to a physical mixture of h-
ZrO,@AIOOH and LDH, again highlighting structural differences
between these samples.

The final characteristic LDH decomposition event is observed
at temperatures exceeding 500 °C and describes full decarbon-
ation of carbonate anions (Figure 6B).*> Comparison of the
dTGA profiles of the physical mixture of Cu, ;Zn, ;AI-LDH and
h-ZrO,@AIOOH with the individual components reveals that
the final event occurs at a lower temperature in the mixture than
in the LDH alone (600 vs 616 °C). This implies that interactions
between the AIOOH coating and the LDH can influence the sta-
bility of the LDH, since such a lowering in temperature of this
final decomposition event is not observed in a physical mixture
of h-ZrO, and Cu,;ZnAl-LDH. In the core@shell h-
ZrO,@Cu, ;ZnAl, ,-LDH, the final decomposition event occurs
at an even lower temperature (585 °C) providing further evidence
of differences in bonding between the components in the core@-
shell material as compared to physical mixtures.

Performing the same co-precipitation used to synthesize h-
ZrO,@Cu, ;ZnAl, ~LDH from h-ZrO,@AIOOH (ie, with a
1.2:1:03 ratio of Cu:Zn:Al nitrates), in the absence of any
core component, yielded a mixed phase CuO/LDH material
(Figure S16), confirming that the ratio of metal nitrates added dur-
ing the synthesis is outside the range for pure phase LDH forma-
tion, without an additional source of Al. The absence of CuO
reflections in the PXRD pattern of h-ZrO,@Cu, ;ZnAl, -LDH
therefore implies that a quantity of the AIOOH transforms to form
a stable LDH phase during the synthesis.

Catalytic Performance of h-ZrO,@LDH

The performance of the catalysts was evaluated for thermal CO,
hydrogenation to methanol under the following conditions:
4S bar, 1:3 CO,:H,, 18000 mL g~' h™" WHSV. Prior to catalytic
testing, all samples were calcined in air at 330 °C, then reduced in
situ under H, at 290 °C. Typically, the exothermic methanol syn-
thesis reaction is performed at moderate temperatures
(200—350 °C) due to equilibrium limitations; although higher
temperatures promote CO, conversion, they also favor the endother-
mic reverse water gas shift reaction (AH = +41.2 kJ mol™") which
converts CO, to CO, thereby reducing methanol selectivity in the
exothermic CO, hydrogenation reaction (AH = —49.5 kJ mol*).*
Equilibrium CO, conversion (X.g,) and methanol selectivity
are ca. 30% and 90%, respectively, at 50 bar and 225 °C, using a
1:3 CO,:H, feed.*

Under our testing conditions, h-ZrO,@Cu, ;ZnAl, ;-LDH
reaches a maximum methanol STY of 0.59 gy;.on €.~ h™'
at 250 °C (Figure S17). This represents a reduction in temper-
ature of 20 °C compared to the peak STY reported for
SiO,@Cu, ;ZnAl-LDH (0.64 gyreom Sear - h71).2° A commer-
cial Cu/ZnO/ALO; catalyst performs similarly (0.60 gy;.on
g " h7") to h-ZrO,@Cu, ;ZnAl, -LDH at 250 °C, despite
h-ZrO,@Cu, ;ZnAl, ,-LDH containing ~54 wt % less copper.
The superior catalytic efficiency of the core@shell is highlighted
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when STY is considered per gram of copper, outperforming the
commercial catalyst at all temperatures studied (Figure 7). Post-
testing TEM imaging revealed that the spheres remained intact,
and there were no noticeable morphological changes which
occurred in the shell component (Figure S18).

In comparison, hollow-SiO, @Cu, ,ZnMg, ,Al, .-LDH, another
spherical hollow structure with a comparable Cu:Zn ratio, is only
reported to outperform a commercial catalyst at temperatures of
270 and 290 °C.*® Further evidence of the enhanced copper effi-
ciency in the core@shell structure can be found by comparison of
h-ZrO,@Cu, ;ZnAl, ,-LDH with the pure Cu, ;ZnAl-LDH sam-
ple (Figure 8). Measurement of the Cu surface area (Sc,),
inferred from N,O chemisorption measurements, indicates that
activated h-ZrO,@Cu, ;ZnAl, ,-LDH possesses a greater S,
than the activated LDH alone (48.4 and 37.9 m” g™/, respectively,
Table S2). An increased accessibility to catalytically active sites in
h-ZrO,@Cu, ;ZnAl, -LDH therefore rationalizes its superior
performance. Furthermore, the increased S, of the hollow-
core@shell sample implies a more stable Cu dispersion as a result
of the anchored platelets preventing agglomeration, which could
possibly translate to improved catalyst lifetime.”” However, time-
on-stream stability studies would be necessary to confirm this
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Figure 7. Catalytic testing data of h-ZrO,@Cu, ;ZnAl, ,-LDH and a
commercial methanol synthesis catalyst considered on a per gram cop-
per basis (45 bar, 3:1 H,:CO,, WHSV = 18,000 mL g~ h™").
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Figure 8. Catalytic data, reported per gram of copper, for Cu, ;ZnAl-
LDH and h-ZrO,@Cu, ;ZnAl, - LDH (45 bar, 3:1 H,:CO,, WHSV =
18,000 mL g™' h™).
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effect. In addition, temperature programmed desorption experi-
ments with CO, (CO,-TPD) were performed (Table S3). The
results of these indicate that h-ZrO,@Cu, ;ZnAl, ;-LDH possesses
a greater quantity of basic sites than the unsupported LDH (0.43
and 0.37 mmol g~', respectively), demonstrating enhanced CO,
adsorption and activation ability upon incorporating the h-ZrO,
core. Moreover, Figure S19 highlights that, despite the presence
of less of the catalytically active copper component per unit mass,
h-ZrO,@Cu, ;ZnAl, ,-LDH still performs similarly to the LDH
alone, when considered on a per gram catalyst basis (~22 and
35 wt % copper, respectively). h-ZrO, alone demonstrates very lit-
tle activity under these reaction conditions, with CO,, conversions,
Xcoy <5% across the temperature range studied (Figure S20A).
Coating h-ZrO, in AIOOH slightly improves X.q,, (~9%), but
reduces methanol selectivity by ~40% at 250 °C (Figure S20B).
The simple presence of the core component is therefore unlikely
to be responsible for the improvement in catalytic activity.

The catalytic activity of the core@shell catalyst was compared to
a physical mixture (PM) of the core and shell components. Since
STEM-EDX and TGA data provide evidence of remaining
AlIOOH, h-ZrO,@AIOOH was selected as the core component
(rather than h-ZrO,), with Cu, ;ZnAI-LDH as the shell compo-
nent. Surprisingly, similar catalytic performances were observed,
despite the PM containing a greater amount of Al than the core@-
shell (Figure S21). This supports the claim that the precise quan-
tity of Al present does not significantly influence the space-time
yield, validating the earlier comparison of h-ZrO,@Cu, ;ZnAl, .-
LDH to Cu, ;ZnAl-LDH. The benefit of the core@shell structure,
therefore, is that it is more uniform than a physical mixture, where
insufficient mixing could lead to isolated regions of core or shell
components. A greater sample uniformity is likely to minimize var-
iations in catalytic performance, since synergistic benefits are likely
to be enhanced by close proximity of components. Comparing the
catalytic performance of the PM with Cu, ;ZnAl-LDH alone pro-
vides evidence of synergy between the h-ZrO,@AIOOH and
LDH components: despite a lower proportion of the active LDH
component, the PM still performs similarly to the LDH by itself.

The benefit of using a hollow core component is highlighted
in Figure 9. Removing the inactive central SiO, sphere from the
catalyst improves STY by a factor of approximately 1.3 at each
temperature between 230 and 270 °C, when STY is considered
on a per gram catalyst basis. This can be attributed to the higher
CO, conversion (X-q,) observed for the hollow core@shell
structure than for the solid core@shell (Figure S22).

Direct comparison of catalytic performance to other studies is
extremely challenging, owing to the extremely wide range of condi-
tions employed in the literature (e.g., pressure, temperature, WHSV,
reactor design). Nonetheless, the performance of activated h-
ZrO,@Cu, ;ZnAl, -LDH for CO, hydrogenation to methanol is
highly competitive compared to other reported catalysts (Table S4).

Temperature programmed reduction using hydrogen (H,-
TPR) was used to probe for differences in Cu reducibility in
the core@shell and LDH materials, providing insight into the
superior activity observed for h-ZrO,@Cu, ;ZnAl, -LDH. All
samples were calcined in air at 330 °C prior to H,-TPR exper-
iments. No reduction events were observed in either h-ZrO, or
h-ZrO,@AlOOH (Figure S23).

The H,-TPR profile of Cu, ;ZnAl-LDH displays a single reduction
event at 217 °C (Figure 10). In comparison, the profile of the PM (ie,
h-ZrO,@AIOOH and Cu,,ZnAI-LDH) displays two reduction
events, one at 234 °C and a lower temperature peak at 174 °C. The
presence of this low temperature peak suggests that a hydrogen
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Figure 9. Catalytic testing data, reported per gram of the catalyst, for
h-ZrO,@Cu, ;ZnAl, (-LDH compared to its solid-core counterpart,
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Figure 10. H,-TPR profiles of h-ZrO,@Cu,;ZnAl, ,-LDH,
Cu, ,ZnA-LDH, and the PM (h-ZrO,@AIOOH + Cu, ;ZnAl-LDH).
The higher quantity of hydrogen consumed during the Cu, ;ZnAl-LDH
experiment (i.e., the larger area under the curve) compared to that in all
other samples is attributed to its higher copper content: since equal sample
masses were used in TPR experiments, the presence of h-ZrO, @AIOOH
(or h-ZrO,) within a sample reduces the proportion of reducible copper.

spillover effect originating from h-ZrO,@AIOOH aids Cu reduction
in Cu,;ZnAl, ;LDH. Notably, this lower temperature peak is
not observed for a mixture of h-ZrO, and Cu,;ZnAl-LDH
(Figure S24), suggesting that the AIOOH layer is essential for enabling
spillover, and does not negatively impact catalytic performance.

The H,-TPR profile of h-ZrO,@Cu, ;ZnAl, ,-LDH, on the
other hand, displays a single broad peak at 170 °C, indicating
that all of the Cu present is in the more reducible environment.
The existence of this more reducible Cu environment in both
the PM and core@shell samples is consistent with easier activa-
tion of Cu species and helps rationalize their improved perfor-
mance relative to the LDH alone. In the case of the core@shell
sample, h-ZrO,@Cu, ;ZnAl, ,-LDH, the lower-temperature Cu
reduction behavior combined with greater accessible Cu surface

area (Table S2) are consistent with improved methanol synthesis
performance arising from a more readily reducible, better-
dispersed Cu environment. Direct identification of the active
interfacial species in h-ZrO,@Cu, ;ZnAl, ,-LDH, however, is
challenging, as catalytically relevant Cu-ZnO-ZrO, interfacial
species are expected to constitute only a fraction of the total Cu
content. The similarity in activity between h-ZrO,@Cu, ;ZnAl, -
LDH and the PM, despite the much greater proportion of Cu in
these more active sites, suggests that it is not these sites alone that
are responsible for CO, hydrogenation, and another step in the
CO, hydrogenation pathway, which is not dependent on Cu reduc-
ibility, has become limiting in the case of the core@shell.

Interestingly, the H,-TPR profile of cp-h-ZrO,+Cu, ;ZnAl-
LDH is almost identical to that of the PM, with only very small dis-
crepancies in the temperatures of reduction events (Figure S25).
This implies that: (i) only electrostatic interactions between the
core and shell components exist within cp-h-ZrO,+Cu, ;ZnAl-
LDH; (ii) the AIOOH coating enhances electrostatic interactions
between the core and shell components (since a simple mixture
of the h-ZrO,@AIOOH and LDH components exhibits a similar
reduction profile to that of cp-h-ZrO,+Cu, ;ZnAl-LDH, which
itself is distinct from a mixture of h-ZrO, and Cu, ;ZnAl-'LDH);
(iii) AIOOH is crucial for making a core@shell structure, as only
co-precipitation of the LDH onto h-ZrO,@AIOOH results in a
single, low-temperature H,-TPR peak.

B CONCLUSIONS

This work presents the design of a h-ZrO,@Cu, ;ZnAl, ,-LDH
core@shell system for direct CO, hydrogenation to metha-
nol. Despite >50% reduction in copper loading, h-
ZrO,@Cu, ;ZnAl, -LDH exhibits a similar performance to a
commercial catalyst when considered on a per gram catalyst basis
(0.59 grreom Eae - ™). The enhanced catalytic efficiency of h-
ZrO,@Cu, ;ZnAl, -LDH is highlighted when activity is per
unit mass of copper, outperforming the industrial catalyst by a
factor of two across all temperatures studied. Through various
characterization techniques, we have demonstrated that h-
ZrO,@Cu, ;ZnAl, -LDH displays a distinct structure from a
physical mixture of the core and shell components, and coating
h-ZrO, in AIOOH before performing the co-precipitation is
important in facilitating the formation of a core@shell structure.
Future operando spectroscopic studies targeted at interfacial Cu
species will be required to identify the active sites more directly.
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Bl ABBREVIATIONS

LDH layered double hydroxide
h-ZrO,  hollow zirconia spheres
STY space-time yield

WHSV  weight hourly space velocity

CCu carbon capture and utilisation

CTM carbon dioxide to methanol

IEA International Energy Agency

AMOST aqueous-miscible organic solvent treatment
TEM transmission electron microscopy

EDX energy dispersive X-ray
NMR nuclear magnetic resonance
BJH Barrett-Joyner-Halenda

9518

CZA copper-zinc-aluminum

STEM  scanning transmission electron microscopy

PM physical mixture

ICP-OES inductively coupled plasma optical emission spectroscopy
TGA thermogravimetric analysis

dTGA  first derivative of the thermogravimetric data

Xcon CO, conversion

H,-TPR  hydrogen temperature programmed reduction
PXRD  powder X-ray diffraction.
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